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During the first seven to ten days of life chicks are unable to maintain
homeothermy, thus providing supplemental heat is critical to their livability and
performance. Radiant heaters are the preferred method of providing heat during brooding
because they provide a range of thermal comfort options for chicks. Infrared
thermography is often used to assess the heat distribution created at the litter surface by
radiant heaters. The resulting images provide a good qualitative assessment of heat
distribution but do not provide any quantifiable metrics through which to compare the
radiant output of heaters. Data acquisition systems were developed to measure the
radiant flux emitted by six 11.72 kW radiant heaters and to determine radiant flux ranges
preferred by broiler chicks during the first week of brooding. Results showed the radiant
output was influenced by heater elevation above the litter and differed between
manufacturers. 21 – 41% of the energy available the heaters was emitted to the litter as
radiant heat. Chicks exhibited a decreasing preference for radiant flux with age.
Maximum preferred radiant flux decreased from 387.0 W·m-2 at day 1 to 248.3 W·m-2 at

day 8, while the minimum preferred radiant flux decreased from 61.2 W·m-2 at day 1 to
7.65 W·m-2 at day 8.
Net usable area (NUA), or the total floor area within the range of radiant fluxes
preferred by chicks, was calculated for each heater. Mean NUA by heater ranged from
45.34 (SE = 3.35 m2) to 21.75 (SE = 1.98 m2). Mean NUA significantly increased with
heater mounting elevation (P < 0.0001). Results indicate that radiant heaters from
different manufacturers with the same power output do not necessarily produce the same
radiant distribution and that the maximum preferred radiant fluxes by chicks may not be
realized at manufacturer specified heater mounting elevations.
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CHAPTER I
INTRODUCTION
In 2014, the total value of production for broiler chickens in the U.S. was $32.72
billion (USDA-NASS, 2014c). Of the 30 broiler producing states in the continental U.S.,
the top five are located in the Southeast (fig. 1.1). The commodity value of the 727
million birds grown in Mississippi in 2014 was $2.87 billion, making Mississippi the fifth
largest broiler producing state in the country (USDA-NASS, 2014d).

Figure 1.1

United States broiler production by state in 2014.

(USDA-NASS, 2014b)
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Improved genetics and growing environments, as well as rising global appetites
for economical animal protein have resulted in steady growth in the broiler industry.
From 1964 to 2014, the amount of broiler meat produced in the United States increased
from approximately 3.2 million tonnes (7 billion lbs) to roughly 22.7 million tonnes (50
billion lbs)(fig. 1.2). To support the increase in production rates, energy-related
expenditures for contract broiler growers have risen due to increased ventilation
requirements, artificial lighting, and greater heating demands.

Figure 1.2

United States broiler pounds produced from 1964 – 2014.

(USDA-NASS, 2014a)
Specifically, fuel consumed during the brooding phase of broiler production
constitutes a large percentage of variable production costs for contract growers. A single
broiler house can use between 11.356 to 18.927 m3 of propane in a year. Over 50% of
fuel used during a typical production cycle is consumed during the first week when
chicks are unable to thermoregulate (Flood Jr. et al., 1994). A variety of radiant heating
2

systems are used in broiler production and all require significant energy inputs to
maintain high temperatures in large, open, and often drafty brooding chambers. (Flood et
al., 1998)

1.1

Broiler Response to the Thermal Environment
Broiler chicks are poikilothermic and require supplemental heat to maintain

homeothermy (Brody, 1945). Stable thermoregulation typically occurs between four and
seven days of age (Khandoker et al., 2004). Modern broiler genetic lines are not as
stress-tolerant as those of the past and require consistent and accurate environmental
control during brooding to achieve optimum performance (Worley et al., 2005).
The effects of ambient air temperature on chick performance are well
documented. Brooding air temperatures ranging from 27 – 35° C do not negatively affect
performance (Aslam & Wathes, 1991; Bruzual et al., 2000; Deaton et al., 1996; Harris et
al., 1975; Huston, 1965; Renwick et al., 1985). Litter temperatures of 36.1° C at
placement have been shown to increase feed consumption during the first week when
compared to lower brooding litter temperatures, but decrease feed consumption during
the second and third weeks (Leksrisompong et al., 2009). When radiant spot heating is
used, Charles (1986) suggested that for well-constructed houses, air temperatures as low
as 20 to 25° C may be adequate.
Mortality increases at initial air temperatures between 26.7 and 28° C (Deaton et
al., 1996; May & Lott, 2000), when compared with initial temperatures between 30.0 and
35.0° C (Aslam & Wathes, 1991; Deaton et al., 1996; Harris et al., 1975). Brooding at
litter temperatures of 25.9° C increased mortality, while higher litter temperatures
3

reduced mortality in males. Leksrisompong et al. (2009) warned against prolonged high
brooding litter temperatures due to decreased performance.
Several studies have investigated thermal preferences of broiler chicks. Baxter et
al. (1970) used infrared heat lamps to produce temperature gradients in test pens. Pen air
temperature was maintained at approximately 15.5° C and the chicks were given
complete freedom of movement. Radiant temperatures were measured using a 1 in.
square 26 gauge piece of black sheet metal with a thermocouple soldered to the center.
They demonstrated that chicks prefer a temperature of 25.7° C during the first week of
life, with the caveat that definite conclusions regarding temperature preference could not
be made due to limited data. Immunological stress in the test birds was shown to
increase preferred temperature by 18%.
Aslam and Wathes (1991) brooded small flocks of chicks under radiant heaters at
air temperatures of 21, 24, and 27° C. Radiant flux at chick height were measured by a
miniature net radiometer and averaged to estimate radiant temperatures. They concluded
that mean radiant temperatures should not exceed 50° C during brooding. Purswell et al.
(2008) assessed the micro-environment created by chicks by fitting 7 d old broiler chicks
with a harness holding a miniature temperature data logger. The most common
temperature observed from the harnesses were between 34 and 35° C. Harwood and
Reece (1974) used radiometers to determine a range of radiant fluxes preferred by chicks.
They concluded that chicks prefer radiant fluxes ranging from 271 W·m-2 to 788 W·m-2.
Bird behavior can be used as an indicator of thermal comfort (Aslam & Wathes,
1991; Charles, 1986). The position of chicks relative to the radiant heater is visually
monitored and used to adjust the temperature set-point. Chicks that are uniformly spread
4

throughout the brooder chamber and actively feeding, drinking, and moving represent a
sufficiently comfortable thermal environment. Chicks will huddle directly under the
heaters where the temperatures are greatest when low air temperature or drafts are outside
the nominal comfort range. Conversely chicks will avoid the floor areas directly below
the heaters when the house is too warm. Drafty houses will cause chicks to avoid
specific areas of the house (Fairchild, 2012).
1.2

Managing the Thermal Environment During Brooding in Commercial
Poultry Facilities
The thermal comfort of the chick is entirely dependent on external environmental

conditions, the management skills of the grower, and the quality of the construction and
performance of the house. The thermal environment of most modern broiler houses is
regulated by microprocessor-based control systems. Temperature sensors are used to
monitor the air temperature at chick height and control operation of the heating system to
maintain air temperature. Commonly used heating systems are spot (circular) radiant
heaters, tube radiant heaters, and forced-air space heaters. Recommended starting air
temperatures below radiant heaters range from 32 to 34° C and 30 to 32° C for forced-air
heating systems. Every two to three days, the recommended set point temperature is
decreased by 2 to 3° C, until around day 30, when a temperature of 18 to 20° C is
maintained for the remainder of the growout period (Aviagen, 2014; Cobb-Vantress,
2012; Hubbard, 2011)
Ventilation is required to remove excess metabolic heat (HP) and moisture
production (MP) to maintain the desired conditions within the house. Excessive
ventilation leads to overuse of supplemental heat and chilling of the chicks, while
5

inadequate ventilation results in poor litter and air conditions, and can lead to reduced
chick performance (Reece & Lott, 1982b). Determination of minimum ventilation rates
(MVR) during cold weather is generally determined by MP. Implementing a moisturebased MVR can generally create a suitable internal environment by removing ammonia
and reducing humidity levels (Xin et al., 1998). Current MVR recommendations for the
first week of production are 0.047 – 0.094 m3·s-1 per 1,000 chicks ((Aviagen, 2010)
Chepete and Xin (2001) performed a meta-analysis of relevant HP and MP
literature (Feddes et al., 1984; Longhouse et al., 1968; Pederson & Gaardbo Thomsen,
2000; Reece & Lott, 1982a, 1982b; XinJ.L. et al., 1996) and concluded that total heat
production (THP) is generally higher in more recent studies (1982 – 2000) than older
studies (1968 – 1981). They attributed the increase in THP to improved bird nutrition
and genetics that have resulted in dramatic increases in broiler growth rates and higher
MVR. As MVR evolves with the rapidly changing broiler industry, it is critical that a
balance is found between maintaining bird health and minimizing heat loss.
Litter management is another crucial component in managing the thermal
environment during brooding. If litter moisture content remains elevated, ammonia
levels can rise to levels that adversely affect bird health and performance. The need to
remove additional ammonia from the house can result in increased MVR, increased use
of supplemental heat, and an overall less suitable environment for chicks. Xin et al.
(1996) found that the MVR needed to control indoor aerial ammonia emissions to normal
ranges was higher for growouts raised on old litter than new litter. They found that
elevated MVR needed for old litter constituted an additional propane fuel use of 136 l
and 57 l per 1,000 birds at outside temperatures of -17.8 and 10° C, respectively. They
6

concluded that the extra heat requirement should be considered during house design to
ensure an optimum thermal environment for the chicks. Litter treatments can also be
used to lower the pH of the litter and reduce ammonia emissions. Worley et al. (1999)
showed a 35% fuel savings as a result of lower MVR for winter flocks using alum as a
litter treatment
The quality of house construction is critical to maintaining a suitable environment
for chicks. A tight house allows a producer to control where cold air is introduced into
the house, which helps maintain proper MVR, reduces supplemental heat needs, and also
reduces cold spots. Worley et al. (2005) proposes that a “tight house” is one where a 48
in fan can create a static pressure of 0.02 kPa with all the inlets closed. Integrator
specifications often call for a minimum static pressure of 0.06 kPa with a single tunnel
exhaust fan running. While this method has been widely used in the industry in the past,
Czarick and Fairchild (2010) suggest accuracy is comprised by the this method because it
does not take into account house size or that fans may move significantly more or less air
than rated capacity. They suggest establishing a tightness goal in terms of leakage area
per 92.9 m2 to improve the accuracy of a static pressure test. They considered a leakage
rate of 0.1 m2 per 92.9 m2 of floor as an absolute minimum and 0.05 m2 per 92.9 m2 of
floor ideal.
Ceiling and sidewall insulation reduce heat loss through the building envelope
during brooding. According to Pescatore and Jacobs (2014), installing 15 cm of blown-in
cellulose could save 1336 to 2271 l LP·house-1·y-1. Transitioning from curtain side-walls
to solid side-walls insulated to R-8 could save 2271 to 3785 l LP·house-1·y-1. Ceilingmounted circulation fans have been shown to help reduce thermal stratification and fuel
7

usage. Czarick and Lacy (2000) compared two forced–air space heated houses side by
side, one with circulating fans and one without. They found that the circulating fans
created a more uniform thermal environment and resulted in a 30% reduction in fuel
usage. They repeated the study on houses with radiant heaters and found that circulation
fans saved approximately 10% on fuel usage during brooding (Czarick & Lacy, 2001).
1.3

Broiler House Heating Systems
Two types of supplemental heating methods are commonly used in poultry

facilities: forced hot-air space heaters and radiant heaters. Space heaters heat the air in
the building, while radiant heaters heat the birds and litter directly. Both types of heating
systems can operate on propane or natural gas and have been proven successful at raising
chicks.
Forced hot-air space heaters used in poultry facilities are generally rated between
23.4 – 73.27 kW. Forced air heaters are typically installed on one sidewall of a broiler
house, which allows for better heat distribution throughout the house. Space heaters
perform well during the later stages of growout when birds can tolerate colder
temperatures, but may not maintain the warmer temperatures near the floor needed during
early brooding due to thermal stratification of air (Wheeler et al., 2000).
Radiant heaters differ from forced hot-air space heaters in that a substantially
lower percentage of the energy consumed is used to heat the air. Radiant heaters direct
thermal energy directly to the chicks and the floor. Air temperatures observed throughout
the house are not as uniformly distributed when compared to a forced-air heating system,
but radiant heaters can produce desirable temperatures at floor level while the
surrounding temperatures are 5 – 10° C cooler. The temperature of the litter directly
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below a radiant heater can reach upwards of 55° C, and decreases with distance from the
heater (Pescatore & Jacobs, 2014). The temperature gradient created by radiant heating
systems provides a range of thermal comfort options for chicks. In some instances
where adequate temperatures cannot be maintained, both space and radiant heat systems
are employed.
The two commonly used radiant heat systems in poultry facilities are circular
radiant heaters and radiant tube heaters. Circular radiant heaters generally have output
ratings of 11.7 kW and circular aluminum canopies or emitters that reflect heat to the
chicks (fig. 1.3). The recommended height placement above the litter for these heaters is
1.52 to 2.29 m and most operate at gas supply pressures between 1.25 – 3.48 kPa. A few
high-pressure heaters operate at a gas supply pressure of 34.47 kPa. Radiant tube heaters
range in heat output from 23.4 to 29.3 kW. Tube radiant heaters source combustion air
from outside the house and force heated air through a tube that is generally 12.2 to 15.2
m long.

Figure 1.3

Typical circular radiant heater design.
9

Radiant tube heaters are mounted much higher in the house, and do not have to be
raised or lowered during any stage of the production process. They also heat a larger
portion of the floor than circular radiant heaters and require less overall maintenance
because there are generally only four units installed in a 250-foot brood chamber (fig
1.4). A disadvantage to radiant tube heaters is that if one fails, approximately 25% of the
total heat input into the house is lost, which could lead to chilled chicks and a host of
other problems that could significantly affect production. Circular radiant heaters require
more overall maintenance because there can be 14 to 20 units per house, depending on
the size and configuration of the heaters (fig. 1.5 a & b). Unlike tube heaters, circular
radiant heaters do have to be raised and lowered, but there is less of a chance of a
catastrophic bird loss if one fails. There is also opportunity for more flexible heating of
different areas of the house through controlling heaters in “zones”.

Tube heaters

Figure 1.4

Plan view of a common arrangement of tube heaters in 250-foot brood
chamber.
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Figure 1.5

1.4

Plan view of a common arrangement of circular radiant heaters in a) partial
house brooding and b) center house brooding scenarios.

Radiant Heat Transfer in a Broiler House
Thermal radiation or radiant heat is emitted by an object by virtue of its

temperature and represents the conversion of thermal energy into electromagnetic energy.
A blackbody is considered a perfect emitter and has an emissivity of 1. Any object that is
not considered a perfect emitter is called a gray body. The rate at which energy is
released from a gray body is called emissive power and is described by the equation
below (Eq. 1.1).
𝐸 = 𝜀𝜎𝑇𝑠4
where:
𝐸 = emissive power (W·m-2)
𝜀 = emissivity
𝜎 = Stephan Boltzmann constant (5.67 × 10-8 W·m-2K-4)
𝑇𝑠 = absolute surface temperature (K)
11

(1.1)

Emissivity (𝜀) is defined as the total radiation emitted divided by the total
radiation that would be emitted by a blackbody at the same temperature. Common object
with low emissivities are aluminum foil (~0.04), polished steel (~0.04), and polished
copper (0.04). Objects with high emissivities include black silicone paint (~0.93),
cement (~0.53), and brick (~ 0.8). Emissive power increases as a function of surface
temperature to the fourth power, so it is apparent that the temperature of an object is the
main phenomenon that drives emission.
Radiant heat that is emitted by an object can be absorbed, reflected, or transmitted
by another object. Radiant heat that strikes an object is called incident radiation or
irradiation. Energy that is absorbed increases the temperature of an object, while
reflected or transmitted energy has no effect on the temperature of the object. Aluminum
foil has a high reflectivity and low emissivity and, therefore, radiant heat incident upon
its surface does not produce a large temperature increase. Incident radiation on objects
that are better absorbers of radiant energy (e.g. black silicone paint) result in larger
temperature increases and increased reemission of radiation. Energy that is directly
emitted by an object is shortwave radiation, while radiant energy that is absorbed and
reemitted is longwave radiation.
Radiant energy is constantly exchanged between objects at a nonzero temperature.
Objects at higher temperatures transfer radiant energy to objects at lower temperatures.
The governing equation for heat transfer between objects at different temperatures is
show below (Eq. 1.2).
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𝐸1⇆2 = 𝜎𝜀1 𝐴1 (𝑇14 − 𝑇24 )

(1.2)

where:
𝐸1⇆2 = radiant heat transfer between surface 1 and surface 2 (W·m-2)
𝜎 = Stephan Boltzmann constant (5.67 × 10-8 W·m-2K-4)
𝜀 = emissivity
𝑇1 = absolute temperature of surface 1 (K)
𝑇2 = absolute temperatre of surface 1 (K)
In a broiler house, shortwave radiation from the heater is absorbed by the litter,
sidewalls, equipment, or chicks. It is then reemitted to the house environment as
longwave radiation (fig. 1.6). As the temperature of the litter, sidewalls, and equipment
increases, so does the mean radiant temperature of a broiler house. Mean radiant
temperature (MRT) is a way of measuring the influence of surrounding surface
temperatures on chicks and is, essentially, the area weighted mean temperature of all
objects surrounding the occupant. The other major factors that affect chick thermal
comfort are dry-bulb air temperature, relative humidity, and air velocity.
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Figure 1.6

1.5

Emission of longwave and shortwave radiation is a broiler house.

Objectives
Maintaining a suitable thermal environment is critical to maximizing the growth

and well-being of broiler chickens. Air temperatures of 30° C and higher are often
required to maintain homeothermy in neonatal chicks in large and often drafty brood
chambers, requiring significant fuel energy inputs during the first 14 days of a production
cycle. Radiant heaters have been adopted as a more efficient alternative to forced-air
heating systems, but no estimates of radiant heater efficiencies are available to poultry
house designers or contract poultry growers. The goal of this research is to characterize
efficiency of radiant heaters for delivering heat to the floor of poultry facilities. Specific
objectives for this dissertation are as follows:
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Develop a methodology to quantify the efficiency of circular radiant
heaters.



Quantify the range of radiant fluxes preferred by chicks during the first
week of life.



Determine the amount of heated floor area produced by circular radiant
heaters corresponding to the thermal comfort range of young chicks.
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CHAPTER II
COMPARING RADIANT HEATER EFFICIENCY USING SPATIAL MODELING
2.1

Abstract
Radiant heaters are the preferred method of providing heat during brooding

because they provide a range of thermal comfort options for chicks. Heat distribution is
commonly evaluated using thermal imaging cameras, which provide qualitative
assessments of distribution but cannot aid in comparing quantitative efficiencies among
heaters. The objectives of this study were to develop a system to measure the radiant flux
emitted by heaters, map the flux distributions, and compare heater efficiencies. Radiant
flux measurements (n=160 per heater) were taken within the heated area of six radiant
heaters with a rated power output of 11.72 kW. Radiant flux data was collected at heater
heights of 1.22, 1.52, 1.83, and 1.98 m above the sensors. Fuel consumption was
measured using a diaphragm gas meter equipped with an electronic pulse output. Heater
efficiency was defined by the gross radiant coefficient, or the heat emitted by a heater
that reached the measuring plane (sensor arrays) referenced to the gross heat input of the
test fuel. Gross radiant coefficients ranged from 0.21 to 0.41 and increased with heater
heights. Non-linear regression analysis showed that the testing system captured at least
95% of the radiant energy reaching the measuring plane for all heaters at all heights.
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2.2

Introduction
Heating fuel and electricity costs can be as much as 60% of variable costs for

contract broiler growers (Cunningham & Fairchild, 2009). In addition, a single poultry
house can use from 11.356 to 18.927 m3 of LPG in a year, with over 50% of fuel usage
consumed during the first week when chicks have limited ability to thermoregulate
(Flood Jr. et al., 1994). Radiant heaters are the preferred method of providing heat during
brooding because they provide a range of thermal comfort options for chicks. Despite
their prevalence, no estimates of efficiency for radiant heaters in brooding applications
are available in the literature.
The most common method of characterizing the output from a radiant heater is
infrared thermography. Thermographs have been used to measure litter temperatures and
to approximate the floor area influenced by a heater (Czarick & Fairchild, 2005, 2011).
Czarick (2005) estimated that a circular radiant heater will produce floor heating over an
area of approximately 18.6 m2 and maximum floor temperatures of around 46° C. While
thermal images provide spatial visualizations of temperature distributions at the floor,
they do little to help quantitatively compare radiant heater efficiencies.
There are discrepancies in the literature regarding the amount of radiant heat
released from a heater that reaches the floor. According to Czarick and Fairchild (2011),
roughly 50% of the heat energy produced by a radiant heater reaches the floor as usable
heat. Fairchild (2012) proposed that radiant heaters project 90% of the available heat to
the floor and the remaining 10% to the surrounding air, while Czarick and Lacy (1995)
estimated that 60% of the heat produced by a radiant heater is used to heat the air. There
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have been no past attempts to quantify the total amount of radiant heat reaching the floor;
only approximations have been proposed.
Radiant heater output has been measured in past studies to help assess the thermal
comfort range preferred by brooding chicks. Aslam and Wathes (1991) used black globe
thermometers to define the spatial distribution of temperatures at chick height generated
from a heater. They used an image analyzer to calculate the average number of chicks in
each temperature zone and concluded that mean radiant temperatures should not exceed
50° C. Baxter et al. (1970) used a 1 in. square 26 gauge piece of black sheet metal with a
thermocouple soldered to the center to assess the temperature distribution at varying
distances from a radiant heater. They found that chicks prefer a mean radiant
temperature of 25.7° C during the first week of life.
Recent swine studies have sought to optimize the control of agricultural heaters to
minimize energy inputs while still maintaining a suitable thermal environment. Hoff
(2009) developed an infrared temperature sensor for flame-based infrared heaters that
maintained a heating zone within ± 1.2° C using a three-stage gas modulating control
system. Van Utrecht et al. (2002) modified a commonly used liquid propane (LP) space
heater to provide continuous heater output adjustment between 14.7 and 29.3 kW. Gas
consumption was not decreased with the modified heater, but temperature fluctuations in
the animal occupied zone were decreased from 5.3 to 1.1° C. Overhults (1982) used an
indirect calorimeter to measure rates of heat production, metabolizable energy intake, and
energy retention in swine on days 1, 2, 4, and 6 after weaning. Four treatments received
an effective radiant field (ERF) of 0, 57, 87, and 113 W·m-2 combined with an ambient
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air temperature of 20° C. Increasing irradiation levels were shown to reduce both feed
intake and metabolic heat production.
All studies mentioned above used mean radiant floor surface temperature as the
basis to characterize the microenvironment during operation. Temperature data can be
useful to assess areas of influence of radiant heating systems, but provide no means to
assess or compare efficiencies. Efficiency is defined as the proportion of output power to
input power, thus to obtain a true efficiency metric for radiant heating systems, the
amount of radiant energy reaching chick height should be measured directly. Harwood
and Reece (1974) measured pancake brooder output with a radiometer and observed that
chicks preferred a radiant flux intensity range from 271 W·m-2 to 788 W·m-2, but did not
attempt to calculate the total amount of energy reaching the floor.
Two test standards are available to address the performance of radiant heaters.
ASTM (2007) specifies use of black globe thermometers to measure the temperature
distribution from commercial patio heaters and outlines methodologies to calculate
energy input rate, preheat energy consumption and time, and effective heated area. The
second standard (AHRI, 2014) uses a radiometer to measure radiant flux at a “measuring
plane” 10 cm below the heater canopy (AHRI, 2014) and defines the gross radiant
coefficient as “the heat emitted by the appliances through the measuring plane divided by
the gross heat input of the test gas”.
The objectives of this study are to 1) develop a system to measure radiant energy
emitted by radiant heaters commonly used in broiler production, and 2) use spatial
modeling to estimate total radiant energy output at floor level, and 3) determine gross
radiant efficiency of common radiant heaters.
23

2.3
2.3.1

Materials and Method
Facility description
All tests were conducted in a solid-walled poultry research facility at the USDA-

ARS Poultry Research Unit in Mississippi State, MS. The building measures 11 × 27.5
m, with a 2.4 m sidewall and peak ceiling height of 3.4 m. Fresh pine shavings were
placed on the floor at a depth of 5 cm over an area measuring 11 × 11 m.
2.3.2

Radiant Heater Description
The radiant energy distribution from six natural gas heaters was measured (Table

2.1). Testing included four low-pressure heaters operated at gas supply pressures
between 1.25 – 3.48 kPa and two high-pressure heaters operated at a gas supply pressure
of 34.47 kPa as shown in figure 2.1. Commercial natural gas was supplied to the low
pressure heaters, while a compressed cylinder of natural gas was used to operate the high
pressure heaters. Gas chromatography revealed the higher heating values of the
commercial and cylinder gas to be 36.9 MJ·m-3 and 37.6 MJ·m-3, respectively. The gas
consumed by each heater was measured using a 0.02 m3 drive temperature compensated
residential gas meter (AC-250, Elster American Meter, Cartersville, GA ) equipped with
a pulser (1000 p, IMAC Systems, Inc., Tullytown, PA). Output was recorded using a
datalogger (CR1000, Campbell Scientific, Logan, UT).
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Table 2.1

Description of tested radiant heaters with operating pressure.

Heater
1
2
3
4
5
6

Rated Power
(kW)
11.72
11.72
12.21
11.72
11.72
11.72

Figure 2.1

Brand
Chore Time
Chore Time
Hired Hand
L.B. White
L.B. White
Space Ray

Model
Ultra-Ray
Ultra-Ray HP
Super Glo
L40
Infraconic I-40
SRB40 EZ

Operating Supply
Pressure
(kPa)
1.74
34.47
1.24
1.74
34.47
1.24

Natural gas heaters tested for radiant heat output.
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Recommended
Elevation
(m)
1.52-1.83
1.52-1.83
1.52-1.83
1.52-1.83
1.98-2.29
1.52-1.83

2.3.3

Radiant Heater Testing System Development
Thin-film radiant flux sensors (Captec Enterprises; Lille, France) were used to

measure the radiant energy emitted from the heaters (fig. 2.2). Radiant flux sensors
provide a direct measurement of long-wave radiation at the sensor locations, and are
unaffected by convection and moisture. Seven 25 x 25 mm (sensitivities, 4.09 – 4.16
µV·W-1·m2), four 50 x 50 mm sensors (sensitivities, 9.75 – 13.0 µV·W-1·m2), and four
100 x 100 mm sensors (sensitivities, 36.4 – 37.0 µV·W-1·m2) were positioned around the
heater. The larger, more sensitive sensors were used to capture the reduced flux at the
areas farthest from the heater.

Figure 2.2

Thin-film radiant flux sensors a) 100 x 100 mm, b) 50 x 50 mm, and c) 25
x 25 mm.

The radiant flux sensors were distributed among four 5-m long arrays extending
radially from the heater center axis (fig. 2.3). The arrays were constructed of aluminum
26

t-slotted material (1515-LS series, 80/20 Inc., Columbia City, IN) and were separated by
an angle of 11.25°. Sensors were distributed approximately equidistant from each other
and were mounted to the arrays using 19 mm thick high density polyethylene (HDPE).
The sensors were wedged between two 15.2 cm long pieces of HDPE, so that the sensing
surface was facing upwards and parallel to the floor (fig. 2.4). Sensor mounting was
considered as “floating” because nothing was in contact with the upper or lower sides of
the sensor. Preliminary data collection showed this to be most reliable mounting method.
All sensors were mounted with the sensing surface parallel to the floor and 7.6 cm above
a 5 cm thick bed of fresh pine shavings. The array of sensors may also be referred to as
the measuring plane (fig. 2.5).

Figure 2.3

Radiant flux sensors fixed along four arrays Radiant flux sensor mounted in
“floating” position.
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Figure 2.4

Radiant flux sensor mounted in “floating” position.
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Figure 2.5

Sensor sampling grid (measuring plane) with location of sensor arrays and
heater canopy shown.

The temperature of each heater canopy and burner element were monitored using
Type K thermocouples (Omega Engineering, Stamford, CT) attached to the surface. The
29

lowest point of each heater canopy may be referred to as the “radiation reference plane”.
All sensor data were recorded with a datalogger (CR1000, Campbell Scientific, Logan,
UT) via two multiplexers (AM 16/32, Campbell Scientific, Logan, UT).
A heater mounting assembly was constructed from aluminum channel (A
1200HS, Superstrut, Memphis, TN) to maintain a fixed heater height during testing. The
height of the mounting assembly could be adjusted in the aluminum channels. A rotation
fixture was fabricated (fig. 2.6) and attached to the mounting assembly with a 6.3 mm
thick steel plate. A ball mount (Ram-D-111U-C, Ram Mounts, Seattle, WA) was bolted
to the steel plate and used to level the heater canopy prior to testing. Once mounted, the
heaters could be rotated 360° around the heater center axis in 45° increments.

Figure 2.6

Heater mounting assembly with swivel ball-mount attachment.
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1.6.1

Radiant Heater Testing Procedure
Canopy temperature was allowed to stabilize for 20 min before data collection

was initiated. Radiant flux was measured over a 5 min period. Heaters were then rotated
45°; the sampling process was repeated a total of eight times. Rotating the heater
allowed for a 360° test of radiant flux with 160 unique sampling locations. The total
testing area was 78.5 m2. The recommended height range for five of the six heaters
tested was 1.52 m to 1.83 m as shown in figure 2.7. Heater height was determined by
measuring the distance from the measuring plane to the radiation reference plane.
Therefore, readings were taken at heights of 1.22, 1.52, and 1.83 m above the sensors for
heaters 1, 2, 3, 4, and 6. The recommended height range for heater 5 was 1.98 to 2.29 m.
Data was collected at 1.98 m for this heater due to ceiling height limitations.

Figure 2.7

Elevation view of heater testing system including heater height placements
A, B, and C.

Heater 5 was measured at 1.98 m (not shown). Not to scale.
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2.3.4

Statistical Methods
Radiant flux distributions were collected for six heaters at three elevations using

radiant thin-film radiant flux sensors. Sensors formed concentric sampling rings around
the heater from the center axis out to 5 m with 0.5 m separation between the sampling
rings. Radiant output data was normalized using a local maximum scale to account for
any ambient or temporal radiant influences. All background or DC components were
removed in the normalization process. PROC NLIN (SAS, 2012) was used to model the
normalized data for each heater distribution using the exponential decay equation shown
below (Eq. 2.1).

Distance constant 𝜏 represents the distance at which point radiant flux

decayed to a fraction e-1 of its initial value (Erdman & Little, 2003). The produce of 3𝜏
provided the distance at which radiant flux decreased to 5% of its initial value for each
heater distribution. The resulting distance values were used to calculate the total circular
heated area. This methodology standardized how total heated area at the measuring plane
was calculated due to the fact that heating patterns were not the same across heaters or
heights. Radiant fluxes below 5% of the initial value were considered negligible and not
included in subsequent calculations.

𝑞(𝑑) = 𝑞0 𝑒

−𝑑
𝜏

where:
𝑞(𝑑) = radiant flux at distance from the heater
𝑞0 = initial radiant flux value
𝑑 = distance from heater
𝜏 = distance constant
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(2.1)

Due to the non-linear nature of the function a pseudo coefficient of determination
(Pseudo–R2) was calculated (Eq. 2.2), as discussed by Juneja et al. (2009).
𝑃𝑠𝑒𝑢𝑑𝑜𝑅2 = 1 −

𝑆𝑆𝐸
𝑆𝑆𝑇𝐶

(2.2)

where:
SSE = sum of squares error
SSTC = sum of squares corrected total
The GSTAT package (R, 2012) was used to interpolate and map the radiant flux
for each heater and to estimate total energy reaching the sensor measuring plane.
Ordinary kriging of the data was performed to produce 1-cm resolution surface plots of
the radiant flux data. Ordinary kriging was used because it does not require a priori
knowledge of the mean over the sample area (as with simple kriging) and it assumes an
unknown, but constant trend. Kriging is a spatial interpolation method that predicts
unknown variables from data observed at known locations. Eq. 2.3 computes the value
of variable 𝑍(𝜇0 ) at a new location (𝜇0 ) based on a sample size (𝑛) and a random spatial
field (𝑍). The value of 𝑍(𝜇0 ) is determined through a linear combination of the n
sampled values 𝑍(𝜇𝛼 ) at locations µα (𝛼 = 1, 2,..., 𝑛) as discussed by Bivand et al.
(2013).
𝑍(𝜇0 ) = ∑𝑛𝛼=1 𝜆𝛼 (𝜇0 )𝑍(𝜇𝛼 )

(2.3)

The weighting coefficients 𝜆𝛼 (α = 1,2,…,n) in Eq. 2.3, are calculated using a model of
spatial dependence as discussed by Bivand et al. (2013) and shown in Eq. 2.4.
𝛾̂(ℎ) =

1
2𝑁(ℎ)

∑𝑛𝛼=1[𝑍(𝜇𝛼 ) − 𝑍(𝜇𝛼 + ℎ)]2

where:
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(2.4)

𝛾̂(ℎ) = semivariance for sampled data points
ℎ = distance between measured points
𝑁(ℎ) = total number of paired data points
𝜇𝛼 = measurement location
𝑍(𝜇𝛼 ) = measured variable (radiant flux) at measurement location 𝜇𝛼
𝑍(𝜇𝛼 + ℎ) = measured variable (radiant flux) at a location ℎ distance from 𝜇𝛼
Gaussian models were fit to the empirical semivariances calculated for each
heater and height combinations, and the associated model parameters (nugget, sill, and
range) were used to predict radiant flux values. Directional semivariograms are often
used when semivariograms change not only with distance but direction as well. Due to
non-random, circular nature of the sampling grid and its influence over the
semivariograms, it was determined that directional semivariograms best represented the
data.
Radiant flux values were log transformed prior to kriging to linearize the distanceradiant flux relationship. Approaching the relationship with a linear relationship can
reduce the likelihood of negative predictions for non-negative variables and can also help
prevent violating the stationarity assumption where variability is independent from
location (Bivand et al., 2013). Radiant flux values were back-transformed for mapping
and model validation. Leave-one-out cross validation was performed on each
interpolation result to produce fit statistics. The total energy reaching the measuring
plane was calculated by integrating the radiant flux values generated by kriging over the
entire heated area. The distance at which the radiant flux values decreased in value to 5%
of their initial value differed for each heater and height combination and the total heated
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area used in the integration step was adjusted accordingly. Gross energy input was
defined as the product of the hourly gas consumption, the higher heating value of the
natural gas, and a gas meter pressure correction factor. The gas meter correction factor
was calculated by
𝐺𝐶𝐹 =

𝑃𝑙+ 𝑃𝑎
𝑃𝑏

(2.5)

where:
𝐺𝐶𝐹 = gas correction factor
𝑃𝑙 = line pressure (psia)
𝑃𝑎 = atmospheric pressure (psia)
𝑃𝑏 = base pressure (psia)

The gross radiant coefficient for each heater was calculated by equation 2.6.
𝐺𝑅𝐶 =

𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑒
𝑞𝑔𝑎𝑠

(2.6)

where:
GRC = gross radiant coefficient
𝑞𝑚𝑒𝑎𝑠𝑢𝑟𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑒 = total energy reaching the measuring plane from a heater (kW)
𝑞𝑔𝑎𝑠 = total energy available in test gas (kW)
Total heat energy reaching the measuring plane was compared across all heater
and height combinations using the GLM procedure in SAS. Means were separated using
the Tukey-Kramer method. Means were considered significantly different at P ≤ 0.05.
2.4

Results and Discussion
Total heat energy at the measuring plane was calculated for each heater and

height combination and statistically analyzed. All terms in the GLM model were
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significant (Table 2.2). Overall mean radiant energy reaching the reference plane was
significantly greater for heater 5 than heaters 4 and 6 (Table 2.3). Heaters 4 and 6 were
not significantly different and were shown to have the lowest heat energy reaching the
measuring plane. Overall mean radiant energy at the reference plane was significantly
higher at an elevation of 1.98 m (Table 2.4).
Table 2.2

GLM for total energy at the measuring plane.

Effect

Num DF

Heater
Elevation

5
3

Table 2.3

Type III
SS
1.62
2.57

Mean
Square
0.32
0.86

F Value

Pr > F

5.11
13.57

0.0138
0.0007

Total energy at measuring plane by heater over all heights.
Mean (kW) [A]
3.14ab
3.13ab
2.98ab
2.68b
3.59a
2.47b

Heater
1
2
3
4
5
6
[A] Means separated using LSD = 0.45
Table 2.4

Total energy at measuring plane by elevation.

Elevation (m)
1.22
1.53
1.83
1.98

Mean (kW) [A]
2.54c
3.00bc
3.34b
4.29a

[A] Means separated using LSD = 0.49
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Radiant flux output varied considerably within the first 2 m from the heater. At a
heater elevation of 1.52 m, radiant fluxes at the heater center axis (distance = 0) range
from 139 – 464 W·m-2, while values at 1 m from the heater range from 173 – 274 W·m-2
(fig. 2.8). The observed variation in radiant flux output is primarily a result of heater
design. Heaters 3 and 4 are fitted with a metal deflector directly below the element.
Heaters 1, 2, 5, and 6 do not contain a deflector and emit the most radiant flux to floor at
the heater center axis (distance = 0 m); center axis flux for heaters 3 and 4 is decreased
when compared to flux at 0.5 m, resulting from blockage by the deflector. Heaters 1, 2,
and 6 use canopies of similar size and shape, which may explain the similar radiant flux
values directly below each of the heaters. Figure 2.9 shows the influence of heater
elevation on radiant flux distributions.

Figure 2.8

Radiant flux distributions at 1.52 m above sensors.
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Figure 2.9

Radiant output distribution for all heaters at 1.22, 1.52, and 1.82 m.

Heater 5 was the only one tested at 1.98 m per manufacturer’s specifications.
Flux data were fit to an exponential decay model. Figure 2.10 shows an example
exponential decay model for heater 6 at 1.82 m above the sensors. Results from the
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regression analysis indicate that 95% of the energy reaching the measuring plane is
within a distance of 4.71 m from the center of all heaters (Table 2.5). The measuring
plane extended 5 m beyond the center axis of each heater and, therefore, the testing
system captured at least 95% of the total energy reaching the measuring plane for all
heater and height combinations. Pseudo R2 values for all heaters and elevations ranged
from 0.94 to 0.99.

Figure 2.10

Normalized radiant flux distribution and resulting regression fit for heater 6
at 1.82 m above the litter.
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Table 2.5

Distance from heater to 5% of initial radiant flux value.

Distance to 5% of initial radiant
Heater
Elevation (m)
flux value (m)
1
1.22
2.75
1.52
3.47
1.82
3.84
2
1.22
2.73
1.52
3.33
1.82
3.73
3
1.22
2.72
1.52
3.66
1.82
4.34
4
1.22
2.10
1.52
2.70
1.82
3.36
5
1.22
3.23
1.52
4.00
1.82
4.42
1.98
4.71
6
1.22
2.43
1.52
2.83
1.82
3.20
Results were used to calculate total heated area for each heater distribution.
Fuel consumption, gross heat input, and total energy output at the measuring
plane at each elevation for the six radiant heaters tested are shown in Table 2.6. Mean
fuel consumption was 1.042 ± 0.11 m3·h-1 and mean energy input for all the heaters was
10.76 ± 1.16 kW, indicating that manufacturer specified ratings overestimated heater
performance (Table 2.6). Table 2.6 illustrates that mean radiant energy reaching the
measuring plane also increases with heater canopy elevation for heaters 3, 4, 5, and 6.
Elevating the heaters increased the radiation view factor and, thus, the amount of energy
reaching the most distant sensors. View factor is the fraction of energy exiting one
surface that directly impinges on another and is dependent only on geometry. A
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substantially larger portion of the heated area for heaters 3, 4, 5, and 6 is represented by
lower radiant flux values with the corresponding increase in elevation. Therefore, the
calculation of total energy reaching the measuring plane is influenced by the magnitude
of flux values most distant from the heater.
Table 2.6

Heater
1
2
3
4
5
6
Average

Heater performance.
Gas
Gross
Consumption Heat Input
(m3·hr-1)
(kW)
1.04
10.65
1.26
13.17
0.92
9.39
1.04
10.65
1.00
10.45
1.00
10.24
1.04
10.76

Total Energy at Measuring Plane
1.22 m
1.52 m
1.83 m
1.98 m
(kW)
(kW)
(kW)
(kW)
2.73
3.36
3.33
2.89
3.28
3.23
2.22
2.92
3.80
2.28
2.64
3.12
2.86
3.33
3.88
4.29
2.26
2.49
2.66
2.54
3.00
3.34

Figure 2.11 shows a directional semivariogram that was generated prior to spatial
interpolation. Individual semivariograms were generated and modeled for each heater
and elevation combination before being used in the kriging process. Leave-one-out cross
validation (LOOV) was performed on the log-transformed radiant flux values. Table 2.7
compares the mean prediction error (MPE), mean-squared prediction error (MSPE), and
the coefficient of determination (R2) between predicted and observed temperature values
(COOR).
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Figure 2.11

Directional semivariogram of radiant flux (W·m-2) for heater 5 at an
elevation of 1.52 m.
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Table 2.7

Heater
1

2

3

4

5

6

Cross-validation results.

Elevation
1.22
1.52
1.82
1.22
1.52
1.82
1.22
1.52
1.82
1.22
1.52
1.82
1.22
1.52
1.82
1.98
1.22
1.52
1.82

Mean Prediction
Error (MPE)
[log(W·m-2)]
-0.1680
-0.0023
-0.0004
-0.0001
0.0007
0.0007
0.0016
0.0011
0.0006
0.0004
0.0010
0.0015
-0.0007
-0.0008
-0.0007
-0.0004
-0.0027
-0.0027
-0.0024

Mean Square
Prediction Error
(MSPE)
[log(W·m-2)]
0.0053
0.0064
0.0028
0.0053
0.0074
0.0085
0.0220
0.0118
0.0070
0.0156
0.0139
0.0129
0.0061
0.0073
0.0007
0.0041
0.0108
0.0095
0.0073

R2
0.9968
0.9947
0.9977
0.9977
0.9962
0.9949
0.9844
0.9870
0.9871
0.9902
0.9891
0.9869
0.9968
0.9944
0.9947
0.9961
0.9940
0.9927
0.9940

Results from the spatial analysis showed that the gross radiant coefficient did not
exceed 0.41 for any heater (fig. 2.12) indicating the majority of heat produced is lost to
convection, radiated to the ceiling and sidewalls, or is lost to combustion inefficiencies.
The gross radiant coefficient was lowest when placed 1.22 m above the sensors for all
heaters.
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Figure 2.12

Gross radiant coefficient (GRC) for radiant heaters.

Heater 5 was the only heater tested above 1.83 m per manufacturer’s specifications.
Heaters 3 and 5 exhibited the highest GRC (0.41) at elevations of 1.83 m and 1.98
m, respectively, and also the highest average GRC across all elevations (0.32 ± 0.08; 0.32
± 0.05, respectively). Heaters 2 & 6 had the lowest GRC (0.24 ±0.02; 0.24 ± 0.02,
respectively). At higher mounting elevations, heaters 3 and 5 distributed higher flux
values to the periphery of the measuring plane which resulted in elevated GRC. Heater 2
had a low GRC as a result of increased fuel usage.
Total heated area at the measuring plane increased with increasing elevation
(Table 2.8). Heater 5 at an elevation of 1.98 m above the measuring plane had the
greatest total floor heated area. Results of the kriging analysis showed a predictable trend
in flux distribution for all heater distributions (fig. 2.13 – 2.16). Increased radiant flux
was observed within the first 0.5 m, with an exponential decrease with distance from the
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heater. While overall trends in flux distribution were similar between heaters, total
heated area and heating patterns varied. The kriging plots also show that maximum
radiant fluxes produced by the heaters decreased with elevation, while total heated area
increased with increasing elevation.

Table 2.8

Total floor area heated by each heater.
Heater
1
2
3
4
5
6

1.22 m
23.76
23.36
23.28
13.90
32.78
18.57

Total Heater Area (m2)
1.52 m
1.83 m
37.72
46.19
34.89
43.75
42.13
59.01
22.96
35.41
50.32
61.46
25.20
32.17
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1.98 m

69.54

Figure 2.13

Radiant flux patterns at the measuring plane for heater elevations of 1.22
m.
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Figure 2.14

Radiant flux patterns at the measuring plane for heater elevations of 1.52
m.
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Figure 2.15

Radiant flux patterns at the measuring plane for heater elevations of 1.83
m.
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Figure 2.16

Heater 5 radiant flux pattern at the measuring plane at an elevation of 1.98
m.

Heater 5 was tested at 1.98 m per manufacturer specifications.
2.5

Conclusions
A methodology to measure the radiant flux from poultry heaters was developed.

Kriging interpolation was used to estimate the total amount of heat energy reaching the
sensors and was compared to the energy available in the consumed fuel to obtain the
gross radiant coefficient. Specific conclusions from this research were as follows:


Less than 41% of the energy consumed reached the measuring plane for
all heaters tested. The remaining energy was lost to convection,
combustion inefficiency, or radiated to the ceiling and sidewalls.



Heater elevation played a significant role in determining its overall
performance. Gross radiant coefficients tended to improve as elevation
above the measuring plane increased.



Regression analysis indicated that the testing system captures at least 95%
of the energy reaching the measuring plane for heater at all elevations.
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2.6

Future Work
Future work should compare determine gross radiant coefficients for heaters as

they exist in houses. The heaters tested in this study were new and, therefore, not
subjected to environment factors (i.e., dust, moisture, high air velocities, or raising and
lowering during catching) that can affect heater performance. Figures 2.17 and 2.18
show an older heater that has not been maintained properly. The hole in center of the
canopy would increase heat loss to the ceiling, while the dirty burner and orifice would
reduce performance and combustion efficiency. Figure 2.19 clearly shows that an older,
poorly maintained heater has a less reflective canopy. There are currently no studies
available that quantify reductions in total heat reaching chick height as a result of dirty
and poorly maintained heaters.

Figure 2.17

Heater canopy of an old, poor maintained heater.
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Figure 2.18

Orifice, burner, and emitter of an old poorly, maintained heater.

Figure 2.19

Old, poorly maintained heater (a) and new heater (b).
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CHAPTER III
RADIANT FLUX PREFERENCES OF NEONATAL BROILER CHICKS DURING
BROODING
3.1

Abstract
Radiant heat is the most common method of providing supplemental heat in a

broiler house. Little information exists about chick preference for radiant flux.
Identifying the ranges of radiant flux that chicks prefer would allow for improved
management of the thermal environment. The objectives of this study were to determine
radiant flux ranges preferred by broiler chicks during the first week of brooding. Two
trials were conducted using straight-run broiler chicks. A total of 88 chicks were
randomly allocated into two groups and placed into two identical 1 m x 4 m pens for 8 d.
Heat lamps were used to create radiant flux treatments of 30, 70, 175, and 450 W·m-2 in
each pen. Chicks were allowed to move freely between the treatments and feed and water
were available in each treatment area. Pen air temperature was recorded at one location
in each pen at 5 min intervals. Chick location was recorded with a web-camera at 5 min
intervals. For each image, non-linear regression analysis was applied to the cumulative
percentage of chicks in each treatment as a function of radiant flux. The resulting
equations were used to calculate the range of radiant flux values for which 80% of the
chicks exhibited a preference. Chicks exhibited a decreasing preference for radiant flux
with age. Least squares mean maximum preferred radiant flux decreased from 387.0
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W·m-2 at day 1 to 248.3 W·m-2 at day 8, while the minimum preferred radiant flux
decreased from 61.2 W·m-2 at day 1 to 7.65 W·m-2 at day 8. Pen temperature was
significantly lower in trial 1 (P < 0.0001), while chick preference for radiant flux was
significantly higher (P < 0.0001).
3.2

Introduction
During the first seven to ten days of life chicks are unable to maintain

homeothermy, thus providing supplemental heat is critical to their livability and
performance. The effects of ambient air temperature on chick performance are well
documented. The majority of studies have concluded that air temperature of 25 – 35° C
do not negatively affect performance (Aslam & Wathes, 1991b; Bruzual et al., 2000;
Deaton et al., 1996; Harris et al., 1975; Huston, 1965; Lewis et al., 1976; Renwick et al.,
1985), although Baarendse et al. (2006) did report significantly lower body weights in
chicks exposed to an initial air temperature of 28° C when compared to chicks exposed
to an initial air temperature of 34° C. Brooding litter temperatures of 36.1° C at
placement have been shown to increase feed consumption during the first week when
compared to lower brooding litter temperatures, but decrease feed consumption during
the second and third weeks (Leksrisompong et al., 2009). Monitoring bird behavior has
been suggested as the most useful index of environmental suitability due to the variability
in optimum brooding temperatures (Aslam & Wathes, 1991b; Charles, 1986). When
radiant spot heating is used, Charles (1986) suggested that for houses free from drafts and
cold surface temperatures, air temperatures as low as 20 to 25° C may be adequate.
Mortality increases at initial air temperatures between 25.0 and 29.44° C (Deaton
et al., 1996; Lewis et al., 1976; May & Lott, 2000), when compared with initial
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temperatures between 30.0 and 35.0° C (Deaton et al., 1996; Harris et al., 1975).
Brooding at litter temperatures of 25.9° C increased mortality, while higher litter
temperatures reduced mortality in males. Leksrisompong et al. (2009) warned against
prolonged high brooding litter temperatures due to decreased performance. Broiler
management guidelines recommend starting air temperature of 30 – 34° C at placement
during whole-house brooding. When radiant heat is used, the recommended temperatures
are 32 – 34° C directly under the heater, 31 – 32° C at the heater edge, and 29° C two
meters from the heater edge. Every day thereafter, the guidelines recommend decreasing
the temperatures, for both whole-house and radiant heating, incrementally until a final
temperature of 18 – 20° C is reached at day 42 (Aviagen, 2014, Cobb-Vantress, 2012)
Several studies have investigated the thermal preferences of broiler chicks.
Baxter et al. (1970) used infrared heat lamps to produce temperature gradients in test
pens. The air temperature in the pens was maintained at approximately 15.5° C and the
chicks were given complete freedom of movement. Radiant temperatures were measured
using a 1 in square 26 gauge piece of black sheet metal with a thermocouple soldered to
the center. The sensor was developed due to space limitations and designed to duplicate
the reading of a black globe thermometer. They demonstrated that chicks prefer a
temperature of 25.7° C during the first week of life, with the caveat that definite
conclusions regarding temperature preference could not be made due to limited data.
Preferred temperature was increased by 18% in birds undergoing immunological stress.
Aslam and Wathes (1991b) brooded small flocks of chicks under radiant heaters
at air temperatures of 21, 24, and 27° C. Heaters were controlled using a black globe
thermometer with at starting temperature of 31° C at day 1 and daily reductions of 0.5° C
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until the air temperature was reached. The upwards and downwards radiant fluxes at
chick height were measured by a miniature net radiometer and averaged to estimate
radiant temperatures. They concluded that mean radiant temperatures should not exceed
50° C during brooding and that the preference of 90% of the chicks for black globe
temperature had a lower limit equal to the air temperature and an upper limit that ranged
from 29.0 – 34.3° C. Mean radiant temperature preferences decreased from day 1 – 7 for
air temperatures of 24 and 27° C, but not 21° C. At day 7, the upper limit of radiant
temperatures declined with air temperature. No significant differences were found
between air temperature treatments in terms of live weight, cumulative food intake, food
conversion, and mortality. Aslam and Wathes (1991a) kept chicks at an air temperature
of 24° C and found that 90% of clustering birds preferred a black globe temperature of 24
– 32° C at 1 d of age. Preferred temperature fell to 27° C at 7 d of age. Aslam and
Wathes (1991a); Purswell et al. (2008) assessed the micro-environment created by chicks
by fitting seven day old broiler chicks with a harness holding a miniature temperature
data logger. The most common temperature observed from the harnesses were between
34 and 35° C. Harwood and Reece (1974) are the only researchers to date to use radiant
flux to characterize the thermal environment preferred by chicks. They concluded that
chicks prefer radiant fluxes ranging from 271 W·m-2 to 788 W·m-2.
A better understanding of the thermal conditions that chicks prefer could lead to
better management of the thermal environment during brooding. The objectives of this
study were to: 1) develop a method to monitor chick movement within a radiant gradient,
and 2) determine radiant fluxes preferred by broiler chicks during the first seven days of
life.
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3.3
3.3.1

Materials and Methods
Facility Description
All tests were conducted in a solid-walled poultry research facility at the USDA-

ARS Poultry Research Unit in Mississippi State, MS. The building measures 11 × 27.5
m, with a 2.4 m sidewall and peak ceiling height of 3.4 m.
3.3.2

Heat Lamp Selection and Calibration
For trial 1, 175 watt heat lamps (Comfort Zone 20TM, Retrolite Corp. of America,

Warminster, PA) were used to simulate the radiant heat gradient generated by a typical
radiant heater. Trial 2 used 175 watt red heat lamps (Sylvania 13840, Osram Sylvania,
Mississauga, Canada)(fig. 3.1). Dimmer switches (D-600P-WH, Lutron Electronics Co.,
Inc., Coopersburg, PA) were used to vary the power output of four lamps and create a
thermal gradient of 450, 175, 70, and 30 W·m-2. Prior studies indicated that these radiant
intensity values were similar to the radiant output of heaters commonly used during
brooding. The radiant heat output of each lamp was measured and calibrated prior to each
trial using thin-film radiant flux sensors (Captec Enterprises, Lille, France).
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Figure 3.1

3.3.3

Lamps used for thermal preference trials.

Testing System Development & Procedure
A total of 88 straight-run broiler chicks (Ross × Ross 708, Aviagen, Inc.,

Huntsville, AL) were obtained from a commercial hatchery. Chicks were randomly
allocated into two groups of 44 and placed in each of two identical 1 m × 4 m pens (fig.
3.2). Stocking density for each pen was 11 chick·m-2. The pen was constructed of 5.1 ×
30.5 cm pine lumber and optically clear acrylic sheet, and measured 2 m x 4 m. Acrylic
sheet was used on two sides of the pen to improve observation of chicks for imaging.
Rigid foam insulation (Dow Chem. Co.) with a U-value of 1.9 W·m-2·K-1 between two 16
mm sheets of plywood was used as a partition between the replicate pens. Each pen was
sub-divided into four 1 m2 treatments. Chicks were provided equal access to food and
water ad libitum in each of the treatments and were allowed to move freely between the
treatments. Feed and water were added as needed, and mortalities were assessed daily.
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Figure 3.2

Plan view of test pens.

For the 30, 70, and 175 W·m-2 treatments, a heat lamp was suspended 45.7 cm
from the litter. The highest radiant flux (450 W·m-2) was unattainable at a lamp elevation
of 45.7 cm, so for the 450 W·m-2 treatment, the lamps were placed 30.5 cm from the
litter. Thermal gradients ran in opposing directions for each replicate and were created
by varying the power output of the heat lamps.
A web-camera (HD Pro C920, Logitech, Newark, CA) took images of each pen
every minute to track the movement of the chicks through the thermal gradient (fig. 3.3).
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A total of 11,520 images were captured for each replicate pen in each trial. Both the
web-based cameras and the action cameras were mounted on stands located 1.52 m from
the acrylic pen walls (fig. 3.3).

Figure 3.3

Web-based and action camera used to monitor chick movement.

Room and pen temperatures were recorded at one location at 5 min intervals.
Thermocouples were mounted in the center of each pen, 6 in. from the partition and 12
in. above the litter. The photoperiod of the lighting system was 23L:1D.

During light

periods, supplemental LED stand lights were used to better illuminate the chicks and
reduce contrasting floor colors (fig. 3.4).
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Figure 3.4

3.3.4

Finalized study set up showing chicks at 4 d.

Statistical Methods
The total number of chicks in each treatment was manually counted for each

replicate pen at five minute intervals. Lines were superimposed on the images using
image processing software (2014b, Mathworks, Natick, MA) to demarcate the boundaries
of the four thermal treatments (fig. 3.5). The total number of images analyzed was 4,608
for trial 1 and 4,320 for trial 2.

Figure 3.5

Test pen with lines demarcating thermal treatments.
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AHSRAE Standard 55-2013 uses a range of operative temperatures preferred by
80% of occupants as a baseline for human thermal comfort (ANSI/ASHRAE, 2013).
There are no such standards that address an occupant radiant flux preferred range for
animal thermal comfort, so the range of radiant fluxes at which 80% of the chicks
exhibited a preference was used, as per AHSRAE Standard 55-2013.
To calculate the 80% radiant flux preferred range, the cumulative percentage of
chicks in each treatment as a function of radiant flux was calculated for each image. A
power regression model in PROC NLIN (v9.2, SAS Institute, Cary, NC) was applied to
each of the cumulative percentage plots and the resulting equations were used to calculate
the 10th and 90th radiant flux percentiles. The 10th percentile was considered the lower
threshold of radiant flux preferred range, while the 90th percentile was considered the
upper threshold. The MIXED procedure in SAS was used to calculate the least squares
means for the 10th and 90th radiant flux percentiles (α =0.05). The daily least squares
means for the 10th and 90th percentile radiant flux values provided the range of radiant
fluxes preferred by chicks.
3.4

Results and Discussion
Calculated 10th and 90th percentile radiant flux thresholds for each image were

statistically analyzed. All terms in the mixed model were significant, except pen (Table
3.1 & 3.2). Radiant flux thresholds for both trials exhibited an overall decreasing trend
by day (Tables 3.3 – 3.6). Least squares means for the 10th percentile threshold were not
significantly different for days 4 and 5 and days 6 and 8 for both trials (Table 3.3 & 3.4).
For both trials, the least squares daily means for radiant flux values corresponding to the
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90th percentile threshold were all significantly different, except for days 5 and 6 of trial 2
(Table 3.5 & 3.6).
Table 3.1

ANOVA for 10th percentile threshold
Effect
Day
Trial
Temp
Pen

Table 3.2

Den DF
8917
8917
8917
8917

F Value
511.63
1420.57
3156.01
3.21

Pr > F
<.0001
<.0001
<.0001
0.0721

F Value
940.94
11353.7
1006.09
0.54

Pr > F
<.0001
<.0001
<.0001
0.4644

ANOVA for 90th percentile threshold
Effect
Day
Trial
Temp
Pen

Table 3.3

Num DF
7
1
1
1

Num DF
7
1
1
1

Den DF
8916
8916
8916
8916

10th percentile mean radiant fluxes by day for trial 1.

Trial
Day
LS Mean Flux (W·m-2)[A]
1
1
59.42a
1
2
18.09b
1
3
21.80c
1
4
5.96d
1
5
7.38d
1
6
4.77de
1
7
-1.56f
1
8
2.67e
[A] Means divided at pooled standard error of 2.65. Significance was
considered at P ≤ 0.05.
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Table 3.4

10th percentile mean radiant fluxes by day for trial 2.
Trial

Day

2
2
2
2
2
2
2
2

1
2
3
4
5
6
7
8

LS Mean Flux
(W·m-2) [A]
66.04a
59.55b
31.84c
19.80d
17.80d
12.73e
4.93f
12.47e

[A] Means divided at pooled standard error of 2.26. Significance was
considered at P ≤ 0.05.
Table 3.5

90th percentile mean radiant fluxes by day for trial 1.
Trial

Day

1

1

LS Mean Flux
(W·m-2) [A]
420.29a

1

2

385.96b

1

3

314.85c

1

4

322.58d

1

5

280.53e

1

6

224.35f

1

7

252.32g

1

8

236.47h

[A] Means divided at pooled standard error of 10.97. Significant
was considered at P ≤ 0.05.
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Table 3.6

90th percentile mean radiant fluxes by day for trial 2.
Trial

Day

2
2
2
2
2
2
2
2

1
2
3
4
5
6
7
8

LS Mean Flux
(W·m-2) [A]
326.24a
363.80b
352.18c
317.19d
275.93e
270.57e
243.48f
260.37g

[A] Means divided at pooled standard error of 9.06. Significant
was considered at P ≤ 0.05.
Figure 3.6 shows a thermal image of the radiant flux gradient created by the heat
lamps. While the lamps did not completely fill each treatment with a uniform radiant
flux, the lamps did provide a fairly uniform radiant flux on the heated part of the litter.
Maximum litter temperatures, as measured using a non-contact infrared thermometer,
were similar to those presented in the literature as shown in Table 3.7 (Czarick, 2005;
Czarick & Fairchild, 2005, 2011). Black globe temperatures for the Comfort Zone 20TM
lamps were within the preferred range for chicks as reported by Aslam and Wathes
(1991a, 1991b)(Table 3.8). Black globe temperatures were not measured for the Sylvania
13840.
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Figure 3.6

Thermal image of radiant flux gradient created by heat lamps.

Table 3.7

Maximum litter temperatures produced by heat lamps.
Comfort Zone 20TM
Pen 1
Pen 2

Treatment
(W·m-2)
450
175
70
30

Max Litter
Temp (°C)
56.6
40.9
31.3
27.0

Sylvania 13840
Pen 1
Pen 2

Max Litter
Temp (°C )
53.5
38.9
29.7
25.6

Max Litter
Temp (°C )
51.9
39.7
29.1
23.3
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Max Litter
Temp (°C )
50.2
34.1
28.4
23.2

Table 3.8

Mean black globe temperatures produced by Comfort Zone 20TM.

-2

Treatment (W·m )
450
175
70
30

Pen 1

Pen 2

Mean Black Globe
Temp (°C)
42.63
31.40
25.70
22.63

Mean Black Globe
Temp (°C )
42.47
31.32
25.10
22.74

Figure 3.7 shows that for both trials, chicks preferred to spend the majority of
their time in the 30 W·m-2 and 450 W·m-2 treatments. These peaks in preference were
likely a result of the maturation process of the chick’s thermoregulatory system. For the
first few days of life, chicks have limited ability to maintain homeothermy and, therefore,
prefer increased radiant fluxes. As the chicks matured, less supplemental heat was
required to maintain homeothermy and they preferred lower radiant fluxes. Chicks
exhibited a decreasing preference for radiant flux with age (fig. 3.8). At day 2, a
combined 49.1% of the chicks preferred radiant fluxes between 0 and 175 W·m-2, while
by day 8, 82.8% of the chicks preferred the same radiant flux values. Figure 3.8 also
shows that the cumulative percentage plots shift from a linear to a power law trend at day
5. This indicates that chick preference for radiant flux undergoes a marked decrease
between days 4 and 5.
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Figure 3.7

Percentage of chicks in each flux treatment pooled by pen.
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Figure 3.8

Combined cumulative proportion of chicks in each treatment as influenced
by radiant flux for trials 1 & 2.
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Coefficient of determination (pseudo R2) results from the analysis ranged from
0.50 to 0.99, while combined daily pseudo R2 means for trials 1 and 2 exceeded 0.84 for
all cases (Table 3.9). The overall mean temperature for trials 1 and 2 were 27.2° and
29.0° C. Trial 1 was conducted during May 2015 and trial 2 was conducted in August
2015, hence the slightly warmer mean temperature in trial 2 (fig. 3.9).
Table 3.9

Mean power regression fit statistics.
Day

Mean Pseudo R2

1

0.9367 ± 0.0037

2

0.9515 ± 0.0017

3

0.9584 ± 0.0018

4

0.9652 ± 0.0021

5

0.8917 ± 0.0038

6

0.8337 ± 0.0042

7

0.8860 ± 0.0035

8

0.8437 ± 0.0043

70

o
Air Temperature ( C)

32

30

28

26

24

Trial 1
Trial 2

22
1

2

3

4

5

6

7

8

Day

Figure 3.9

Daily average pen temperatures.

Figure 3.10 shows the combined minimum and maximum preferred radiant flux
for trials 1 & 2 after adjusting for pen temperature. These values represent the daily
upper and lower thresholds for the range of radiant fluxes preferred by 80% of the chicks.
The maximum preferred radiant flux decreases from 386.90 W·m-2 at day 1 to 248.31
W·m-2 at day 8, while the minimum preferred radiant flux decreases from 61.19 W·m-2 at
day 1 to 7.65 W·m-2 at day 8. The daily range of radiant fluxes preferred by 80% of the
chicks decreases from 325.73 W·m2 at day 1 to 240.67 W·m2 at day 8.
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Figure 3.10

Daily minimum and maximum preferred radiant flux adjusted for
temperature.

Past thermal preference studies (Aslam & Wathes, 1991b; Baxter et al., 1970;
Purswell et al., 2008) have measured temperature and not radiant flux and, therefore,
direct comparisons cannot be made between the results presented here and previous
studies. At a constant air temperature of 15.5° C, Baxter et al. (1970) showed that chicks
exhibited a preference for black globe temperature of 25.7° C. Aslam and Wathes
(1991b) maintained constant air temperature of 21, 24, and 27° C and concluded that
chicks adapt to colder air temperatures by moving to zones of higher radiant flux and that
the maximum mean radiant temperature acceptable to chicks is around 50° C. They also
concluded that black globe thermometers may not be a suitable method for measuring the
thermal environment perceived by a chick. Purswell et al. (2008) maintained an air
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temperature of 32.2° C during the first week and 29.4° C during the second week of
brooding. They showed that over 75 % of the chicks preferred a micro-environment
temperature between 33 and 35° C, but noted that further work should be directed at
quantifying the contribution of radiant energy from heaters to the chick’s microenvironment.
Harwood and Reece (1974) concluded that chicks prefer radiant fluxes ranging
from 271 W·m-2 to 788 W·m-2. The minimum and maximum values in their range are
both higher than the values presented in this chapter. The difference is likely due to
changes in poultry house construction that have resulted in enhanced control of the
thermal environment. Poultry houses built 40 years ago had curtain side walls and heat
loss through curtain sidewalls has been shown to be far greater than through the
insulated, solid sidewalls of today’s broiler houses. The interior surface of solid
sidewalls will maintain higher surface temperatures and create higher mean radiant
temperatures in the house. A larger proportion of radiant energy is radiated back into the
house by solid sidewalls, possibly reducing the radiant energy created by heaters that is
preferred by chicks. Pancake brooders were also used by the authors. Pancake brooders
heat a substantially smaller floor area than current radiant heaters. A smaller heated area
and lower mean radiant temperatures could very well explain a preference for higher
fluxes as presented by Harwood and Reece (1974).
The results presented here provide a new level of resolution with regard to
monitoring how chicks interact with their thermal environment. For each trial, over
4,300 images were analyzed. Aslam and Wathes (1991) assessed chick thermal
preference at 5 minutes intervals for 1 hour at 1 and 7 days of age. Baxter et. al. (1970)
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made experimental observations 2 times daily for 5 weeks. Purswell et. al. (2008) took
micro-environment temperature readings every 3 minutes, but did not track bird
movement within the thermal environment. Further analysis of the data presented here
could provide insight into how small fluctuations in temperature affect bird movement
within the thermal environment.
Broiler chicks’ preference for radiant flux density decreases from 1 to 8 days of
life. It is important to note that the results of this study do not attempt to determine the
effect of air temperature on preference for radiant flux. Air temperature has been shown
to influence preference for mean radiant temperature (Aslam & Wathes, 1991b) and bird
performance (Aslam & Wathes, 1991b; Deaton et al., 1996; Harris et al., 1975; Huston,
1965; Renwick et al., 1985). While it is not presented in this paper, the results of this
study indicate that daily air temperature fluctuations influence the preference of chicks
for radiant flux. Studies to better describe how surrounding air temperatures affect the
radiant flux preference of chicks are needed.
3.5

Conclusions
Thermal environments created in modern poultry houses are critical to broiler

well-being and performance. Understanding how chicks interact with the thermal
environment could help identify areas where changes can be made to improve production
efficiency. Specific conclusions from this research were as follows:
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A data acquisition system, using heat lamps to create radiant flux gradients
and image analysis to assess the preference of young chicks for radiant
flux, was developed and deployed. This system allows flexibility to
produce varying radiant flux gradients, while minimizing errors associated
with human presence.



During the first eight days of a broiler chick’s life, preference for radiant
flux decreases. Daily radiant flux ranges at which 80 % of the chicks
exhibited preference were calculated. The preferred range of radiant flux
values decreased from 325.73 W·m2 at day 1 to 240.67 W·m2 at day 8.
Pen temperature was shown to affect preferences for radiant flux, with
lower temperatures resulting in higher flux preferences.



The radiant flux gradient may need to be altered to include fluxes above
450 W·m-2. At no point during the study were the chicks observed
avoiding the 450 W·m-2 treatments.
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CHAPTER IV
NET USABLE AREA EFFICIENCY METRIC FOR RADIANT HEATERS
4.1

Abstract
Brooding requirements for chicks can be divided into two components. The first

and most documented in the literature is the temperature regime, which includes the air
temperature set point schedule and the effects on performance. The second, and less
investigated component, is the method of heating and how it interacts with building
components to create a suitable thermal environment. The objectives of this study were
to determine the net usable area (NUA), or the total floor area within the range of radiant
fluxes preferred by chicks, for six radiant heaters with a rated power output of 11.72 kW.
NUA was calculated for all heaters at elevations of 1.22, 1.52, and 1.83 m. NUA was
calculated for heater 5 at 1.98 m only. Mean NUA by heater ranged from 45.34 ± 3.35
m2 to 21.75 ± 1.98 m2. Mean NUA significantly increased with heater mounting
elevation (P < 0.0001). Results indicate that radiant heaters from different
manufacturers with the same power output do not necessarily produce the same radiant
distribution and that the maximum preferred radiant fluxes by chicks may not be realized
at manufacturer specified heater mounting elevations.
4.2

Introduction
The effects of air temperature on the performance of young chicks are well

documented (Bruzual et al., 2000; Charles, 1986; Deaton et al., 1996; Harris et al., 1975;
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Huston, 1965; May & Lott, 2000; Renwick et al., 1985). The effects of litter surface
temperature on performance has been investigated (Leksrisompong et al., 2009) and
thermal preferences of chicks have been documented, as well (Aslam & Wathes, 1991b;
Baxter et al., 1970; Harwood & Reece, 1974). Radiant heat is commonly used in poultry
facilities to optimize the thermal environment. While the literature shows that the
thermal environment is critical to performance during brooding, there is little information
on how efficiently radiant heaters create a thermal environment that optimizes chick
performance.
Quantifying the efficiency of radiant heaters used in the poultry industry can be
broken into two components. The first is the operational efficiency of a heater on an
input to output energy ratio. This ratio is defined by the Air-Conditioning, Heating, and
Refrigeration Institute (AHRI) as the gross radiant coefficient or “the heat emitted by the
appliance through the measuring plane divided by the gross heat input of the test gas”
(AHRI, 2014). In a poultry house setting the “measuring plane” is the litter surface. The
second component is quantifying the net usable area (NUA), or the proportion of the litter
surface that is irradiated with flux values (HA) that are within the radiation comfort range
of young chicks. NUA is a particularly helpful method of comparing supplemental heat
sources used in animal agriculture because it accounts for the preferences of animals for
various thermal environments.
Davis et al. (2008) used infrared thermography to compare the net usable area
produced by six heat lamps commonly used in the swine industry. The heat lamps were
suspended 45.7, 50.8, 55.9, and 66.0 cm above a rubber mat and thermographs were
taken of the heat distributions produced on the mat surface. The authors found that heat
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lamps from different manufacturers with the same power output did not necessarily
produce the same temperature distribution due to differences in lens construction. To
compare the usefulness of each lamp, image analysis software was used to calculate
heated area (HA; m2), hotspot area (HSA; m2), and net usable area (NUA; m2). Heated
area was defined as the heated area above a minimum contact temperature that met the
needs of newborn pigs. Hotspot area was defined as the heated area that exceeded the
maximum preferred contact temperature. Net usable area (NUA) was calculated by
subtracting the hotspot area from the heated area and used as a metric to compare energy
efficiency on a per unit input basis (NUA·W-1). NUA at a lamp elevation of 45.7 cm
ranged from 0.102 to 0.275 m2.
As energy prices continue to increase, there is value in quantifying the proportion
of radiant heat output from radiant heaters that contributes directly to a comfortable
thermal environment for chicks and allows for comparison of heater performance based
on animal needs The objectives of this study were to: 1) develop a method to compare
radiant heater efficiencies that incorporates updated chick thermal preference data, and 2)
use spatial analysis to calculate net usable area (NUA) for six radiant heaters.
4.3
4.3.1

Materials and Methods
Preference of brooding chicks for varying radiant fluxes
Daily radiant flux ranges preferred by broiler chicks during brooding were

determined by tracking their movement within a thermal gradient. Chicks were housed in
two 1 × 4 m pens and a thermal gradient was created by varying the power outputs of
four commercially available heat lamps. The full methodology can be found in Chapter
III.
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4.3.2

Spatial Modeling
The GSTAT package (R, 2012) was used to interpolate and map the radiant flux

for six radiant heaters and to estimate total energy reaching the sensor measuring plane.
Radiant flux was measured with each heater 1.22 m, 1.52 m, and 1.82 m above the
measuring plane (sensors). Heater 5 was also measured at an elevation of 1.98 m above
the reference plane, as per the manufacturer’s recommended elevation placement. The
full methodology and heater descriptions can be found in Chapter II.
4.3.3

Net Usable Area
To determine the spatial heating efficiency of each heater, total heated area (THA,

m2) and net usable area (NUA, m2) were determined. THA was calculated for all heater
and elevation combinations using non-linear regression analysis. The distance at which
the radiant flux values for each heater decreased to 5% of its initial value was used to
calculate THA. This methodology accounted for differences in heater radiant flux
distributions and provided a good approximation of the floor area receiving 95% of the
radiant energy. NUA was considered the total area of the measuring plane that contained
radiant fluxes within the range preferred by chicks.
The kriging process, as described in Chapter 1, is a spatial interpolation method
that predicts unknown variables from data observed at known locations. Interpolation is
performed over a customizable spatial grid that encompasses the study area. The size of
individual cells in a spatial grid can be manipulated, therefore, increasing or decreasing
the number of cells or unique data points created per spatial plot. For this study, cell
sizes were set at 1 cm × 1 cm. For each heater, NUA was calculated by selecting the data
points from the spatial plots that corresponded to the daily ranges of radiant fluxes
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preferred by the chicks. Multiplying the number of data points within the daily preferred
radiant flux range by the size of the spatial grid cells gave the NUA at the measuring
plane (sensors arrays). Spatial efficiency or NUA per measured power output [NUA·W1

] was also calculated for each heater.
NUA was compared across heaters, elevations, and days using the GLM

procedure in SAS. Means were separated using Fisher’s LSD and considered
significantly different at P ≤ 0.05.
4.4

Results & Discussion
NUA was calculated for all heater, elevation, and day combinations and then

statistically analyzed. All terms in the GLM model were significant (Table 4.1). Overall
mean heater NUA ranged from 45.34 ± 3.35 to 21.75 ± 1.98 m2 (fig. 4.1). Overall mean
NUA for heater 5 was significantly higher than the other heaters (Table 4.2), while
heaters 4 and 6 were not significantly different and were shown to have the lowest NUA.
Mean NUA by elevation also significantly increased with heater mounting elevation (P <
0.0001) as shown in Table 4.3. Mean NUA at days 1 and 2 were significantly lower than
days 3 – 8, while there was no significant difference in mean NUA between days 3 – 8
(Table 4.4).
Table 4.1

GLM for NUA.

Effect

Num DF

Heater
Elevation
Day

5
3
7

Type III
SS
7126.27
13260.14
7810.29

Mean
Square
1432.45
4420.05
1115.76
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F Value

Pr > F

62.46
120.65
30.46

<.0001
<.0001
<.0001

Figure 4.1

NUA summary by heater.

Boxplots include data collected at heater elevations of 1.22 m, 1.52 m, and 1.82 m.
Heater 5 also includes data collected at 6.5 m.
Table 4.2

ANOVA for overall NUA by heater.
Mean (m2) [A]
31.48c
28.53c
37.48b
21.75d
45.34a
22.41d

Heater
1
2
3
4
5
6
[A] Means separated using LSD = 3.38
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Table 4.3

ANOVA for overall NUA by elevation.
Mean (m2)[A]
19.29d
31.06c
40.80b
59.44a

Elevation (m)
1.22
1.52
1.83
1.98
[A] Means separated using LSD = 3.66
Table 4.4
Day
1
2
3
4
5
6
7
8

ANOVA for overall NUA by day.
Mean (m2)[A]
14.13
27.98
36.07
36.00
35.61
35.18
35.18
35.14

[A] Means separated using LSD = 3.88
Table 4.5 shows the mean NUA for each heater at 1.22, 1.52, 1.82, and 1.98 m
elevations. Heater 5 exhibited the highest mean NUA at all elevations, while heater 3
exhibited the second highest at all elevations (Table 4.5). Heater 5 at 1.98 m produced
the highest mean NUA of 59.44 m2, while heater 4 at 1.22 m produced the lowest. For all
heaters, THA increased with increasing heater elevation above the measuring plane
(Table 4.5). Elevating the heaters increased the amount of energy reaching the most
distant sensors. Slight changes in the distance at which radiant flux reaches 5 % of its
initial value had a significant influence on overall THA. Therefore, the calculation of
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total energy reaching the measuring plane is heavily influenced by the magnitude of flux
values most distant from the heater.
Table 4.5
Elevation
(m)
1.22
1.52
1.82
1.98

Mean NUA for each heater at all testing elevations.
NUA (m2)
Heater 1
20.26
33.89
40.28
-

Heater 2
19.12
29.26
37.23
-

Heater 3
21.91
37.44
53.09
-

Heater 4
11.60
20.72
32.93
-

Heater 5
27.11
42.63
52.20
59.44

Heater 6
15.74
22.41
29.08
-

Figures 4.2, 4.3, and 4.4 show NUA by heater at 1.22 m, 1.52 m, and 1.82 m
elevations, respectively. For all heaters at all elevations, NUA increased from days 1 to 2
or 3 and then leveled off or decreased slightly to day 8. NUA was lower for the first 2 to
3 days because the minimum preferred radiant flux was highest for these days (fig 4.5).
Therefore, the portion of THA represented by the lower radiant fluxes furthest from the
heater were not included in the analysis, which led to reduced NUA.
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Figure 4.2

Daily NUA by heater at 1.22 m mounting elevation.
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Figure 4.3

Daily NUA by heater at 1.52 m mounting elevation.
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Figure 4.4

Daily NUA by heater at 1.82 m mounting elevation.
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Figure 4.5

Daily minimum and maximum preferred radiant flux adjusted for
temperature.
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NUA as percentage of THA increased from day 1 to day 2 or 3 for all heaters at
the measured elevations (figs. 4.6, 4.7, and 4.8). After the first 2 – 3 days of brooding,
the maximum potential NUA created by a heater is reached. At 1.22 m, average NUA as
a proportion of THA across heaters was highest at day 1 (0.52 ± 0.05), but lowest at day
7 (0.88 ± 0.02). Heaters at 1.22 m perform the best during the first day of brooding when
the highest radiant fluxes are needed, but perform poorly at the later stages of brooding
when lower radiant fluxes are preferred. Conversely, at 1.83 m average NUA as a
proportion of THA across heaters was lowest at day 1 (0.36 ± 0.03), but highest for day 7
(0.98 ± 0.01). At 1.83 m, the heaters do not meet the maximum radiant flux needs of
chicks at day 1, but perform better at day 4 – 8 when lower radiant fluxes are preferred by
the chicks.
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Figure 4.6

Daily NUA as a percentage of THA for heaters at 1.52 m elevation
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Figure 4.7

Daily NUA as a percentage of THA for heaters at 1.52 m elevation.

Figure 4.8

Daily NUA as a percentage of THA for heaters at 1.83 m elevation.
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Figure 4.9 – 4.12 show heater NUA for all heaters and elevations on days 1, 4,
and 8. Hotspot areas (HSA) are abundant at a heater elevation of 1.22 m and THA are
visually smaller than at 1.52 and 1.83 m. At 1.83 m, HSAs are almost negligible because
of the decrease in the maximum radiant flux with increasing heater elevation. There was
less variability in NUA at day 1 across all elevations. Differences in NUA become
apparent at days 4 and 8, with heaters 3 and 5 producing the largest NUA across all
elevations. Heater 5 produced the highest overall NUA at an elevation of 1.83 m. THA
increases with time due to the chicks increasing preference for lower radiant fluxes. HSA
also tends to increase with time because as the chicks mature they prefer lower radiant
fluxes. Since the heaters tested do not have any options for variable heat output, the areas
directly below the heaters become too hot for the chick to comfortably endure. Heater 3
is the only one tested that did not produce any HSA.
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Figure 4.9

Spatial plots of heater NUA at 1.22 m elevation on days 1, 4, and 8.

Yellow portions represent hot spot areas (HSA).
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Figure 4.10

Spatial plots of heater NUA at 1.52 m elevation on days 1, 4, and 8.

Yellow portions represent hot spot areas (HSA).
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Figure 4.11

Spatial plots of heater NUA at 1.52 m elevation on days 1, 4, and 8.

Yellow portions represent hot spot areas (HSA).
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Figure 4.12

Spatial plots of heater 5 NUA at 1.98 m elevation on days 1, 4, and 8.

Figure 4.13 shows the net usable area gross radiant coefficient (NUA GRC), or
the proportion of the heat energy in the fuel (gross heat input) that reached the sensors
and was within the thermal comfort range of the chicks. NUA GRC did not exceed 0.37
for any heater (fig. 4.11) and was consistently lowest across heaters at a heater elevation
of 1.22 m. Heaters 3 and 5 had the highest average NUA GRC at all elevations (0.30 ±
0.06; 0.32 ± 0.06, respectively), while heaters 2 & 6 had the lowest (0.18 ± 0.03; 0.24
±0.04, respectively).
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Figure 4.13

Proportion of heat energy in fuel that reached the sensors and was within
the thermal comfort range of chicks.

The spatial efficiency of each heater was expressed in terms of the measured
energy output (m2·kW-1) (fig. 4.14). In addition to providing the largest overall NUA,
heater 5 also proves to be the most spatially efficient (4.34 m2·kW-1). Heater 5 does
contain some HSA, but its ability to distribute heater further compensates for any losses
in NUA.
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Gas consumption and NUA per measured gas consumption for each heater
averaged over all elevations.

Literature shows the thermal environment during brooding is critical to successful
broiler production (Aslam & Wathes, 1991; Baxter et al., 1970; Bruzual et al., 2000;
Charles, 1986; Deaton et al., 1996; Harris et al., 1975; Harwood & Reece, 1974; Huston,
1965; Leksrisompong et al., 2009; May & Lott, 2000; Renwick et al., 1985), but there is
little information on how efficiently heating equipment (i.e., radiant heaters) create
suitable environments. Quantifying the NUA, or the proportion of the litter surface that
is irradiated with flux values that are within the radiation comfort range of young chicks,
is a particularly helpful method of comparing supplemental heat sources used in animal
agriculture because it accounts for the preferences of animals for various thermal
environments.
Similar to findings by Davis et al. (2008), the data presented here indicate radiant
heaters from different manufacturers with the same power output do not necessarily
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produce the same radiant distribution due to differences in canopy and burner design.
For example, heater 5 contains unique design features and outperformed the other heaters
on NUA and NUA·kW-1 efficiency metrics. Heaters 2 and 5 were the only heaters tested
to operate at manifold pressures of 34.47 kPa. Heater 5 also contains a slightly smaller
canopy and a conical emitter assembly (fig. 4.15), as opposed to the cylindrical heat
emitter assembly installed in the other heaters (fig. 4.16). Fuel is delivered to a burner
cone through a gas line and orifice that are located above the heater canopy for heater 5.
Heaters 1, 2, 3, 4, and 6 contain cast iron burners that are fed by gas lines and orifices
that are located below the canopies. Heater 5 is also the only heater with a recommended
mounting height of 1.98 – 2.28 m. Interestingly, heater 4 uses the same canopy as heater
5 and a low-pressure cast-iron burner assembly similar to the other heaters, but does not
perform nearly as well as heater 5. Therefore, it can be concluded that it is not the
canopy alone that is causing heater 5 to perform so well, but it is something inherent in
the interaction between canopy and burner cone.
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Figure 4.15

Conical emitter assembly as found on heater 5.

Figure 4.16

Orifice, burner, and emitter as found on heater 1.

Heaters 2, 3, 4, and 6 were designed similarly.

At the lower end of the manufacturer recommended elevation range (1.52 m),
only heaters 2 and 6 meet or exceed the maximum radiant flux preferred by chicks at day
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1. At the upper end of the specified ranges (1.83 m & 1.98 m), none of the heaters meet
the preferred maximum radiant flux of chicks at day 1. Only half of the heaters tested
meet the maximum preferred radiant flux by chicks at day 4. At the non-recommended
heater mounting elevation of 1.22 m, all of the heaters, except 3, meet or exceed the
maximum radiant flux preferred by chicks at day 1. Based on these results, radiant
heaters may not be providing radiant fluxes high enough to meet the thermal needs of
chicks during the early stages of brooding. The issue may be compounded for old and
dirty heaters with reduced heat outputs. In addition, increase in heater elevation shifts the
proportion of heat reaching the floor to distances further from the heater, which increase
THA. The increases in THA and, subsequently, NUA at higher heater elevations are
provided at the expense of higher radiant fluxes that are realized at lower heater mountain
elevations.
Reducing heater elevations to 1.22 m would result in all heaters meeting the
maximum radiant flux needs of the chicks, but it would also create HSA, reduce the
overall heat reaching the floor by concentrating the heat into a smaller area, and reduce
NUA. Maintaining an elevation of 1.22 m for the duration of the brooding cycle would
reduce the overall effectiveness of radiant heaters, but it could be advantageous during
the first few days of brooding when it is critical that the thermal needs of chicks are met.
4.5

Conclusions
Radiant heaters are commonly used in poultry houses to create suitable thermal

environments for chicks during brooding. As energy prices continue to fluctuate, there is
value in quantifying how much of the heat produced by radiant heaters that reaches the
floor is within the thermal comfort range of chicks. Data, such as that presented here,
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could help increase production efficiency by helping to create a better environment for
brooding chicks, while also saving contract growers money on fuel costs. Specific
conclusions from this research were as follows:


Radiant heaters from different manufacturers with the same power output
do not necessarily produce the same radiant distribution due to differences
in canopy and burner design. Heater 5 had the highest average NUA at
all elevations, while heaters 4 and 6 had the lowest. Heater 5 has unique
design features that may have elevated its performance.



Overall NUA increases with heater elevation and day. Increased heater
elevations shift a larger proportion of the heat to the areas furthest from
the heaters, while reducing maximum radiant fluxes experienced directly
below the heater.



Only two heaters at 1.52 m elevation provide radiant fluxes high enough
to meet the upper preferred radiant flux threshold of chicks at day 1. No
heater at 1.83 m elevation provides radiant fluxes high enough to meet the
upper radiant flux threshold at day 0, and only half meet the threshold at
day 4.



More research into variable rate heaters or varying heater elevation during
the brooding period could maximize a radiant heaters ability to create a
suitable thermal environment for chicks.
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CHAPTER V
SUMMARY CONCLUSIONS
5.1

Summary Conclusions
Chapter II presents heat distributions and efficiencies of radiant heaters used in

the poultry industry. Thin-film radiant flux sensors were used to quantify the energy
from each heater reaching chick level. Spatial interpolation was used to map heat
distributions and estimate the total amount of energy reaching chick level. A gross
radiant coefficient, or heat emitted that reached chick level referenced to the gross heat
input of the test fuel, was calculated and used to compare heater efficiencies. Specific
conclusions from this study are as follows:


Spatial interpolation through kriging is an acceptable method to map heat
distributions. Kriging data can be used to calculate the total amount of
energy from each heater that reaches chick level.



A maximum of 41% of the energy consumed reached the measuring plane
for all heaters. Remaining energy was lost to convection and combustion
inefficiency, or radiated to the ceiling and sidewalls.



Performance tended to improve as elevation above the measuring plane
increases. Increased heater elevations resulted in reduced maximum
radiant fluxes that may not be high enough to satisfy the thermal needs of
young chicks.
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Regression analysis indicated that the testing system captures at least 95%
of the energy reaching the measuring plane for heater at all elevations.

Chapter III attempts to better understand how chicks interact with the thermal
environment. The power outputs of heat lamps were varied to create radiant flux
gradients similar to those produced by radiant heaters. Chick location within the radiant
flux gradient was recorded with a web-camera at 5 min intervals for eight days. The
resulting images were analyzed to determine the range of daily radiant fluxes preferred
by 80% of the chicks.


A data acquisition system, using heat lamps to create radiant flux gradients
and image analysis to assess the preference of young chicks for radiant
flux, was successfully developed and deployed. This system remotely
sensed chick movement, thereby, reducing errors associated with human
presence.



Preference for radiant flux decreases with time. Maximum preferred
radiant flux decreased from 386.90 W·m-2 at day 1 to 248.31 W·m-2 at day
8, while the minimum preferred radiant flux decreased from 61.19 W·m-2
at day 1 to 7.65 W·m-2 at day 8. Pen temperature was shown to affect
preferences for radiant flux, with lower temperatures resulting in higher
flux preferences.



Future studies should include maximum radiant fluxes above 450 W·m-2.
At no point during the study were the chicks observed avoiding the 450
W·m-2 treatments.
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Chapter IV presents the daily net usable area (NUA), or the total floor area within
the range of radiant fluxes preferred by chicks, for six radiant heaters. NUA is a useful
method of comparing supplemental heat sources used in poultry housing because it
accounts for the preferences of animals for various thermal environments.


Radiant heaters from different manufacturers with the same power output
do not necessarily produce the same radiant distribution due to differences
in canopy and burner design.



Overall NUA increased with heater elevation and day. Increased heater
elevations shift a larger proportion of the heat to the areas furthest from
the heaters, while reducing maximum radiant fluxes experienced directly
below the heater.



Only two heaters at 1.52 m elevation provide radiant fluxes high enough
to meet the upper preferred radiant flux threshold of chicks at day 1. No
heater at 1.83 m elevation provides radiant fluxes high enough to meet the
upper radiant flux threshold at day 1, and only half meet the threshold at
day 4.



More research into variable rate heaters or varying heater elevation during
the brooding period could maximize a radiant heaters ability to create a
suitable thermal environment for chicks.

105

